In microorganisms the membrane-bound ATPase (EC 3.6.1.3; ATP phosphohydrolase) plays a central role in both aerobic and anaerobic energy transductions. Studies of ATPase-deficient mutants of Escherichia coli have led to the conclusion that one function of the ATPase is to catalyze the synthesis of ATP during oxidative phosphorylation (1) (2) (3) (4) (5) . A second function of this enzvme, distinguished under anaerobic conditions, is thought to be the coupling of ATP hydrolysis to essential membrane events that require the expenditure of metabolic energy. In the absence of respiration, ATPasenegative mutants cannot utilize ATP from substrate level phosphorylations to drive the ATP-linked transhydrogenase (6, 7)'or the accumulation of various metabolites (3, 5, 8) . Such anaerobic function of the ATPase is also suggested by the effects of NN'-dicyclohexylcarbodiimide (DCCD), an inhibitor of this enzyme (9, 10) . In E. coli, DCCD blocks both the ATP-linked transhydrogenase (7) and the accumulation of proline found under anaerobic conditions (11) . DCCD also inhibits active transport of metabolites in Streptococci, which lack oxidative metabolism (9, 12, 13) .
These observations are in agreement with predictions made by the chemiosmotic. hypothesis of Mitchell (14, 15 ; for a review see ref. 16 ). According to this view, oxidation of substrates by the electron transport chain leads to the net transfer of protons (H+) from the inside to the outside of the cell. This extrusion of protons establishes a gradient of p1I (interior alkaline) as well as a membrane potential (interior negative).
Mitchell has proposed that ATP synthesis during-oxidative phosphorylation occurs when protons, moving down their electrochemical' gradient, reenter the cell via the ATPase (Fig. 1A) . Thus, the electrochemical potential of protons (the protonmotive force) provides the driving force for ATP synthesis. The alternative (anaerobic) function of the ATPase is required when protons cannot be extruded by the respiratory chain. Under these conditions, the ATPase couples the hydrolysis of ATP to the electrogenic movement of protons out of the cell (Fig. 11B) . The protonmotive force generated by ATP hydrolysis is then utilized by energy-dependent reactions such as the "ATP-linked" transhydrogenase, or the active transport of metabolites.
Evidence in support of this anaerobic function of the ATPase has been presented by Harold and his collaborators, who have studied the anaerobe S. fecalis (faecium). They showed that glycolyzing cells establish both a pH gradient (interior alkaline) and a membrane potential (interior negative), and that DCCD inhibits the formation of each of these components of the protonmotive force (17) (18) (19) (25) .
The basic observation is illustrated by the results presented in Fig. 2 . Cells from-the stationary phase of growth were washed and resuspended in a potassiumn-free medium. After they were sampled to determine the basal level of ATP, valinomycin was added. The' addition of valinomycin resulted in a rapid increase in the intracellular level of ATP, followed by a somewhat slower decline. The peak level (2.8 mM ATP) The ATP generated by glycolytic reactions attained a stable level of about 2.4 mM ATP after an initial "overshoot." Thus, the maximum level of ATP observed in valinomycin-treated cells was comparable to the steady-state level of ATP found in glycolyzing cells. Other experiments showed that the valinomycin-induced ATP synthesis was dependent on the pH of the incubation medium. Between pH 4 and pH 6, the kinetics of formation of ATP were as described in Fig. 2 . At pH 7, maximal levels of ATP were only 3-fold increased over the basal value; at pH 8, no ATP synthesis was detected.
Inhibition of Valinomycin-Induced ATP Synthesis in Streptococcus lacti. To determine whether the valinomycininduced synthesis of ATP required the activity of the ATPase, the effect of the inhibitor, DCCR, was studied (Fig. 3) . In cells previously exposed to DCCD, no ATP formation was found after addition of valinomycin. However, DCCD-treated cells retained the capacity to generate ATP from substrate level phosphorylations. When incubated with glucose, both control and DCCD-treated cells attained similar levels of ATP (inset to Fig. 3) .
The ratio of intracellular to extracellular potassium determines the size of the membrane potential present in valinomycin-treated cells. If ATP synthesis in such cells depends on the size of the membrane potential, one would expect to find inhibition of ATP formation when the membrane potential is reduced by the addition of potassium to the external medium. In the experiment shown in Fig. 4 According to the chemiosmotic hypothesis, the synthesis of ATP catalyzed by the ATPase occurs only when there is a concomitant inovement of protons into the cell via this pathway (Fig. 1A) . ATP synthesis should be blocked by conditions that provide alternate routes for proton entry. In agreement with this prediction, it was found that pretreatment of cells with 0.5MuM CCFP, which renders bacterial membranes highly permeable to protons (26) , resulted in complete inhibition of valinomycin-induced ATP formation (experimental conditions as in Fig. 2) . Pretreatment Goldberg, Olden, and Prouty (27) in their modification of the method of Koch (28) . This medium (pH 7) contained the following components at the indicated final concentrations: a-methylglucoside (20 mM), sodium arsenate (20 mM), NaCN (1 mM), Tris.HCl (30 mnM), NaCl (50 mM), (NH4)2SO4 (20 mM), MgSO4 (7 mM), and KCl (300 mM). Incubation time in this medium at 37°was 125 min for strain 1100, and 45 miiiin for strain 72. This tieathient reduced ATP levels by more than 98% in both strains. After this starvation the cells were returned to 230, washed once with 0.1 M sodium phosphate (pH 8) tontaining 0.2 M KCI; then washed and resuspended in 0.2 M sodium phosphate (pH 8). For valinomycin treatment, the cells were diluted 20-fold into 0.2 M sodium phosphate (pH 5), and valinomycin (10 uM final concentration) was added 10 sec later. Samples were removed for determination of ATP levels at the indicated times after the addition of vainomycin. ATP (about 3 mM). Therefore, before the addition of valinomycin, cells were subjected to a starvation procedure, which lowered basal levels of ATP and eliminated endogenous reserves of "energy"-yielding materials. In. starved cells (Fig. 5) valinomycin-induced synthesis of ATP was observed in wild-type strain 1100, but not in its derivative, strain 72, which lapks ATPase activity. However, when these same cells were incubated with 10 mM glucose in the presence of 1 mM NaCN at pH 7, ATP levels attained after 20 min were similar for the two strains (0.11 mM ATP, and 0.08 mM ATP, respectively, for strains 1100 and 72). It should be noted that in this experiment an attempt was made to maximize the inward directed protonmotive force by shifting cells from pH 8 to pH 5at the time ofvalinomycintreatment (see legend to Fig. 5) . A pH shift alohe (no valinomycin present) did not result in ATP synthesis.
DISCUSSION
In a number of instances it has been possible to demonstrate the synthesis of ATP coupled to the movement of a specific cation down its electrochemical gradient. The appropriate cation gradients have been shown to reverse both Na+,K+-ATPase activity in the erythrocyte (29) and Ca++-ATPase activity in membrane vesicles of the sarcoplasmic reticulum (30 (32, 33) that in valinomycin-treated mitochondria, ATP synthesis may be coupled to the efflux of potassium. As discussed by G'ynn (25) , these observations are compatible with the idea that R.uch AT1P synthesis is driven by an electrical potential resulting from potassium efflux mediated by valinomycin. Using an artificial system, Racker and Stoeckenius (34) have found that ATP synthesis catalyzed by mitochondrial ATPase may be coupled to light-induced proton movements. Gradients of pH alone elicit ATP formation in chloroplasts (35) , and, as in mitochondria (36) , yields of ATP are increased when a pH gradient and a membrane potential complement one another (37) .
The work reported here extends such observations to bacterial systems. ATP synthesis could be demonstrated in cells exposed to an inward directed protonmotive force. The experimental plan was to generate a protonmotive force whose major component was a membrane potential, by-treating cells with the potassium ionophore, valinomycin. Under these conditions, the cell membrane is more permeable to K+ than to other ions, and the size of the membrane potential is determined primarily by the ratio of intracellular to extracellular potassium. It is shown here that ATP synthesis occurs after the addition of valinomycin to bacterial cells suspended in a potassium-free medium. ATP formation was reduced in the presence of added potassium, indicating that the yield of ATP was governed by the size of the membrane potential. This suggests a partial explanation for the finding that valinomycin-treated cells show only a transient increase in ATP levels. In such experiments there is a rapid loss of internal potassium (21) , which would reduce the membrane potential and lower the protonmotive force. This, in turn, would depress ATP levels, since these are determined by the balance between synthetic and degradative reactions. The ATPase itself may contribute to net ATP hydrolysis when intracellular ATP is high and the protonmotive force is reduced. The valinomycininduced ATP synthesis in S. lactis gave maximal yields of ATP equivalent to an intracellular concentration of about 3 mm, whereas in starved cells of E. coli, maximal yields of 0.3 mM ATP were obtained. The reason for the lower yields in E. coli is not clear, but it seems likely that the starvation procedure introduced limitations on the capacity of cells to form ATP.
Valinomycin-induced ATP synthesis was not observed in S. lactis pretreated with the ATPase inhibitor, DCCD, nor was it found in the ATPase-negative mutant of E. coli. We believe that these results, considered together with the other observations reported here, provide strong evidence in support of the view that the membrane-bound ATPase catalyzes the synthesis of ATP in response to an inward directed protonmotive force. The ATP synthesis observed in E. coli reflects the activity of the ATPase found during aerobic growth (Fig. lA) . For S. lactis, however, such ATP synthesis represents a reversal of the normal function of this enzyme, which is to couple the hydrolysis of ATP to the extrusion of protons (Fig. 1B) .
Data from preliminary experiments allow an estimate of the size of the protonmotive force required to drive ATP synthesis in S. tactis. Under the conditions described for the experiment in Fig. 2 Mitchell (15) has stated that a protonmotive force of 210 mV is needed to maintain an ATP/ADP ratio of 1. 
